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In recent years interest has tumed towards the small organic part of the enamel. It is thought that destruction or alteration of this organic material may be the principal factor in the complex process of dental caries, but the importance of these organic elements may lie, not only in the provision of a substrate for proteolytic bacteria of caries, but also in the provision of paths for demineralizing and other agents to diffuse into the enamel and ultimately into the dentine, where important changes may be initiated. It must also be remembered that these pathways, though they may be used in disease processes, are normal structures and may well prove to have physiological functions that are not yet understood.
Diffusion in biological systems is seldom free of the control imposed by semi-permeable membranes, and it has been shown in the past that osmotic pressure can be developed in vitro across the intact enamel by various solutes (Atkinson, 1947) , and it follows, therefore, that in vivo water may pass from the pulp and dentine to the mouth or from the mouth to the dentine and pulp in response to the osmotic pressures exerted on either side of the enamel by the saliva and by fluids present in the dentinal tubules. However, at present, we can only guess at the manner in which the osmotic pressure effect functions in vivo.
Besides considering the manner of diffusion in the dental tissues it is also important to consider how changes in the structure of the tooth may oppose the passage of solutions by the closure of physiological channels before the onset of caries or by the active production of barriers to the diffusion of harmful substances after caries has begun. Indeed, the establishment of barriers to the diffusion of harmful substances is apparently the most important defence reaction in dental hard tissue.
The permeability of the teeth has often been the subject of research, and in the past many workers have studied aspects of the subject which we have been examining. A review of the methods previously used for the investigation of permeability in vivo and in vitro and a discussion of the results that were obtained, together with an extensive reference list, is given by Jansen and Visser (1950) . In this investigation newer methods of research have been used, where applicable, together with wellknown methods, and our results conform with much of the past work.
This work is an investigation in vitro on undecalcified material. It falls into three partsfirstly, experiments to trace the diffusion channels in enamel and dentine in sound young teeth; secondly, experiments using the osmotic pressure effect, to measure the rate of water passage across the crown and root in sound teeth; and, thirdly, investigation of the changes in permeability that take place in the dentine as a result of age and caries. MATERIALS AND METHODS Diffusion paths have been examined by tracing the diffusion of 5% mercuric chloride solution, both from the enamel surface and from the pulp chamber. A 5 % mercuric chloride solution has a pH of 3-2 which shifts to approximately pH 5 when in contact with the tooth. Most of our experiments have been performed with unbuffered mercuric chloride solutions but more recent experiments, using 2 5y% mercuric chloride in 1-0y% sodium chloride and borate buffer at pH 7, have yielded the same histological results as those obtained with unbuffered mercuric chloride. Various metallic impregnations have been used for a long time as "stains" and "markers" to demonstrate histological details and microscopic channels. Salts of silver, gold and other metals have figured in these processes. Lead acetate precipitated by hydrogen sulphide was used by MacGregor (1935) to demonstrate lymphatic channels and dentinal tubules were also demonstrated by this method. Mercuric chloride afterwards precipitated as sulphide was used in 1926 by Nishimura to demonstrate changes in permeability of enamel in caries.
In this work mercuric chloride was chosen as a marker because it is not precipitated by tissue fluid, although it may be readily and permanently fixed in the tooth by precipitation with ammonium sulphide as dense black mercuric sulphide which can then be examined microscopically and its position determined with accuracy. A further advantage is the insolubility of mercuric sulphide in mineral acids so that decalcified sections can be prepared.
The teeth used in these experiments have been fixed in 5% formol saline but other experiments with fresh teeth have shown the same results. The sound teeth were all extracted for orthodontic reasons from children between 11 and 13 years of age.
Uindecalcified sections were cut with vulcanite-bonded aluminium oxide discs 3 in. in diameter and 7-thousandths of an inch in thickness, under continuous water7spray. Microradiographs of undecalcified sections 15 to 50 microns in thickness were tak;en at 5 kV with the Philips Contact Microradiographic Unit.
RESULTS
The simplest method for tracing diffusion paths is to immerse the tooth in the tracing solution, thus allowing diffusion to take place throughout the tooth, both from the pulp chamber and from the crown and root surfaces. Fig. 1 is a transverse section of the crown of a recently erupted sound tooth which was exposed in this way to a solution of mercuric chloride for twelve weeks. The mercuric chloride was then completely precipitated by immersion of the whole tooth in ammonium sulphide for four weeks.
There is a uniform band of penetration at the surface of the enamel, and the lamelle and tufts are completely impregnated. If the edge of the peripheral band of penetration in the enamel is examined at a higher magnification, the stain is seen to lie in the region of the prism sheaths.
In young teeth fully impregnated by this method, the mercuric chloride penetration takes place evenly throughout the dentine, completely filling the dentinal tubules and lateral branches (Fig. 2 ). In these completely impregnated teeth it is sometimes possible to observe dentinal tubules crossing the amelodentinal junction ( Fig. 3 ) and running in the enamel for a considerable distance.
In preparations in which the tooth is impregnated from both the enamel surface and the pulp space, the actual paths taken by the diffusing mercuric chloride from a particular surface cannot be demonstrated. Therefore, a number of teeth were perfused with 5 % mercuric chloride, at a pressure of 4 cm. of water, from the outer surface while the pulp chamber was continuously irrigated with tap water by a canula to prevent a backflow of mercuric chloride from the pulp chamber into the dentine. The teeth were sectioned without decalcification under water spray and were placed in ammonium sulphide solution to precipitate the mercuric ion as mercuric sulphide.
Figs 4 and 5 show a section prepared in this way. It was exposed to mercuric chloride for seven days. The sharply defined penetration streams opposite the lamellk are very striking.
There is no penetration of the tufts, which are sealed from the surface by relatively impermeable enamel.
It may be seen that the tufts are normally isolated from the enamel surface, but in some teeth in which the enamel is exceptionally permeable, and in caries, the tufts may take up solution entering from the surface, via the prism sheath paths (Fig. 6 ). Here the tufts have taken up the mercuric chloride from the surface of the tooth and conducted it to areas in the dentine around the bases of the tufts. This concentration in these regions is thought to be due to ease of access of these areas to fluids entering the dentine from tufts in the enamel. Fig. 7 , which is an unstained, undecalcified section cut tangentially to the dentine surface, shows the bases of the tufts at the amelodentinal junction. It can be seen that tufts, like lamellv, are continuous structures running in enamel in the long axis of the tooth and in close association with the dentine. They may, therefore, represent peripheral longitudinal drainage channels as well as connecting links in the diffusion path between enamel and dentine.
The paths which have been demonstrated are anatomical channels available for the passage of solutions either by flow or diffusion. In the past it has been suggested that there is some circulation of tissue fluid or "dental lymph" through some of these channels (Fish, 1930; Bodecker and Applebaum, 1931) . Some of the ideas of "lymph" circulation were based on an incorrect histological concept of the dentinal tubule system due to the misleading appearance of the dental tubules in decalcified preparations, but some form of fluid circulation perhaps within the dentinal fibril may take place. If there is any circulation there are two means by which it may be sustained, firstly, by tissue fluid pressure in the pulp causing a flow outwards in the dentinal tubules, secondly, flow induced by osmotic phenomena which may be towards or away from the dental pulp.
The findings of other workers on the osmotic pressure effect in the crown have been confirmed and it has also been found that the root shows this effect. Advantage has also been taken of the osmotic pressure phenomenon to measure the rate at which fluid passes through the intact tooth as a result of the osmotic pressure developed by 5 % sodium chloride solution.
The experimental tooth is attached to the end of a horizontal tube and is surrounded by water contained in an enclosing vessel, while the horizontal tube and the pulp chamber of the tooth are filled with the test solution. Passage of fluid through the tooth can be read by measuring the movement of a marker in the horizontal tube.
The osmotic pressure that develops with 5 % sodium chloride is probably many times greater than any pressure which might develop physiologically. The experiment, however, demonstrates the phenomenon and shows the relative permeability to water of crown and root. The graphs in Fig. 8 show the rates of water passing through premolars of children aged 12 years. The results vary in different teeth between moderate limits and these are representative results. The shaded part of the graph represents a control period when only water was contained in the apparatus. After ten days the water in contact with the pulp surface of the tooth was replaced by 5% sodium chloride. The rate for the crown is 0'5 c.mm. per day, and for root and crown together is 9 c.mm. per day. By making an estimate of the surface areas involved in each case it appears that for equal areas the root is, approximately, ten times more permeable than the crown. Permeability in sound young teeth only has been described; now changes developing in older and carious teeth will be considered. For many years since they were first commented upon by John Tomes in 1848 many workers have been intrigued by the translucent regions which appear in teeth, particularly in relation to caries. Such macroscopic translucent regions became the centre of controversy about twenty-five years ago, some considering their appearance to be due to fat or air in the tubules, others attributing the appearance to necrosis of the dentinal fibril. Beust (1931, 1932 and 1934) discusses these views and asserts that the translucent regions are caused by the closure of the dentinal tubules by calcification and that these regions are impermeable to dyes. Fish has contributed greatly to the scientific knowledge of these changes, and in his work with monkeys and dogs in vivo described tubules beneath experimental cavities which were blocked by hyaline material which he described as calcific (Fish, 1932) . That tubules in a carious tooth can become occluded with mineral salts of high X-ray absorption was shown by Bergman and Engfeldt (1955) . As no incontrovertible conclusions appeared to have been reached on this subject and in the light of more recent findings on the normal histology of the dentine (Bradford, 1951; Miller, 1954;  Blake, 1958), we examined the translucent tracts which develop laterally to caries of dentine, the translucent tracts in the dentine of the crown in relation to lamellk, and the well-known translucent regions which appear gradually in the roots of teeth over a period of years.
To demonstrate the complete impermeability of translucent roots such a root was left for a prolonged period in 5 % mercuric chloride. Fig. 9 shows an undecalcified section of a translucent root prepared from a tooth which had been immersed in mercuric chloride for six months, after which it was placed in ammonium sulphide until precipitation was complete. A circumscribed area of complete impermeability in the dentine is demonstrated and this corresponds with the area of translucency.
Sections were prepared from the roots of teeth showing these impermeable translucent areas and stained with Schmorl's picrothionin to show tubules. Fig. 10 shows an area from such a preparation where the translucent part of the root dentine adjoins the non-translucent part. The boundary is easily seen between the part of the dentine in which the tubules are occluded and the dentine with patent tubules, although interspersed with the fully occluded tubules there are many which show partial occlusion. This appearance suggests that the highly calcified zone which normally surrounds the tubule is now encroaching on the lumen of the tubule until it is in some cases completely occluded.
A similar area of translucent root was investigated by microradiography. Fig. 11 is a microradiograph from such an area; it shows many of the tubules occluded with a mineral substance of radio-opacity considerably greater than the rest of the dentine matrix. Some of the tubules are completely occluded while others are only partially occluded, again suggesting an abnormal encroachment into the lumen by the normal peritubular calcified sheath. It is considered that the occluding substance consists of a calcium salt, of a composition similar to that of the calcified peritubular sheath.
A similar appearance of translucency can be observed in relation to the lamellk in the crowns of many teeth after they have been exposed in the mouth for about ten years. These zones appear as streaks in the dentine and follow the track of the dentinal tubules in a similar manner to the tracks of stain entering the dentine from the lamellk in the sound young teeth (Fig. 4) . When these zones are stained by Schmorl's method they are seen to have undergone an occlusion of the tubules similar to that seen in the translucent roots (Fig. 12) .
The macroscopic zones and tracts in relation to caries, which were referred to previously, were examined by transmitted light, by the mercuric chloride precipitation method to show permeability, by staining with Schmorl's picrothionin to demonstrate variations in the tubules, and by the contact microradiographic method to show mineralization changes.
The changes of this type which take place in the dentine in relation to caries are variable and inconstant, and we are considering here only one pattern, the development of a translucent zone forming around a tract of tubules which is open to caries peripherally while it is closed at the pulpal extremity by secondary dentine. This tract of open tubules was first observed and described as a "dead tract" by Fish (1928) .
When the tooth is exposed to the mercuric chloride at the enamel surface only, the pulp chamber being sealed off, the tract beneath the caries-the "dead tract"-is shown to be permeable as far as the impermeable plug of secondary dentine which closes it off from the pulp (Fig. 13 ).
If, however, the mercuric chloride is allowed to enter from both the pulp and the crown surfaces (Fig. 14) , it can be seen that the dentine is permeable except for a narrow zone on either side of the dentine affected by caries. The dentinal tubules which have become impermeable can be seen to lie beneath sound enamel and are not directly affected by caries. The apparent lateral impermeable zones are a section of a hollow cone of impermeable dentine with its apex towards the pulp. This hollow cone of impermeable tubules corresponds to the zone of translucency around caries.
Thin sections were cut transversely across such a shaft of dentine involved in caries which was surrounded by a ring of translucent dentine. Fig. 15 is a photograph of such a thin transverse section, mounted in water to enhance the appearance of translucency. This section shows the development of several rings of translucency as well as translucent streaks beneath the lamelle. These sections were examined by microradiography and by staining with Schmorl's picrothionin method. Fig. 16 shows a microradiograph of half a translucent ring surrounding a shaft of dentine which connected with a carious pit on the occlusal surface. In the enclosing ring nearly all the dentinal tubules are completely occluded with a highly radio-opaque substance. After taking the microradiograph, the same section was stained by Schmorl's method (Fig. 17 ).
Here the correspondence with the microradiograph is well shown. The open tubules are seen to be filled with the Schmorl's "stain", while in the enclosing band of translucent impermeable dentine nearly all the tubules are completely closed. Examination at a higher magnification (Fig. 18 ) shows many completely closed tubules, and among them a few fully opened tubules, while others are seen in all degrees towards full closure. The microradiograph shown in Fig. 19 confirms these findings. It was taken from the same area of the same specimen as the previous photomicrograph. At the top, dentine can be seen with the normal radio-opaque peritubular zones. In the middle area of the photomicrograph there is seen the band of calcified tubules, amongst which are many partly occluded tubules, while at the lower margin can be seen dentine affected by early caries. Here, no normal peritubular sheaths are to be seen, but there appears to be no alteration in radio-opacity of the calcified dentine matrix, suggesting that the highly calcified peritubular sheath is the first calcified structure to be lost in dentine caries.
DISCUSSION AND SUMMARY
In young teeth the dentinal tubules which everywhere penetrate the dentine are occupied by the dentinal fibrils. It is not now thought that there is a peripheral space between the fibril and the hard tissue wall of the tubule; however, it is likely that there is free diffusion of soluble substances within the fibril itself though the odontoblast may exercise selection of substances which diffuse into it and thence to the dentinal fibril. When the odontoblasts or dentinal fibrils have degenerated the dentinal tubule becomes a free channel uninfluenced by odontoblast metabolism and is available for the transport of fluid and dissolved substances, either from the pulp or from the mouth via conducting channels in the enamel.
In the enamel there are no pathways comparable with the open tubules of the dentine.
However the tufts and the lamellk provide easy paths for fluid and diffusible substances, and provide passages into and through the enamel. There appear to be no direct communications between these permeable enamel elements and the dentinal tubules. However, many dentinal tubules cross the amelodentinal junction and end in relatively long straight tubes which lie in close association with permeable areas in the enamel.
The dentine matrix at the bases of the lamellk and at the bases of many of the tufts appears to be permeable. It is chiefly this area which makes possible diffusion and flow from the enamel into the dentinal tubule system and vice versa and may also represent vertical drainage areas in the peripheral dentine. The tufts are normally sealed off from the surface by impermeable enamel. However, in caries and other states of abnormal enamel permeability, the tufts may connect with the surface by abnormally permeable prism sheaths.
Measurements have been made of the rate of flow of water through the crowns and roots of sound young teeth in response to the osmotic pressure effect of 5 % sodium chloride. It appears from these measurements that the root is considerably more permeable to water than the crown.
Translucent and impermeable areas that develop in both the crown and root have been shown to be associated with the closure of dentinal tubules with a mineral substance of high radio-opacity. In affected areas all stages of narrowing during closure of the tubules can be found, supporrting the view that this is a reaction of individual odontoblast dentinal fibril systems and not a general deposition of calcified material throughout the dentine. It is probably a continuation of the normal peritubular calcified sheath formation. Like the normal peritubular zone, this material occluding the tubules is more radio-opaque than the rest of the intertubular dentine, and on decalcification leaves no organic matrix that can be demonstrated by normal histological methods, so that the tubules which have been occluded are not distinguishable in decalcified preparations. section. x 6. 
